Based on the phase separation phenomenon of acetonitrile-water system at subzero temperature, a subzero-temperature liquid -liquid extraction coupled with ultra-performance liquid chromatography tandem quadrupole mass spectrometry (UPLC -MS-MS) method was developed for the simultaneous determination of 12 bioactive components in Gegen-Qinlian decoction. After optimization, the extraction conditions were set as follows: 3.0 mL of aqueous sample solution ( pH 5.86) was extracted with 2 mL of acetonitrile at 2358 8 8 8 8C for 35 min. The separated acetonitrile phase was diluted 10-fold with water before UPLC -MS-MS analysis. Separation was performed on a Waters ACQUITY UPLC w BEH C 18 column (2.1 3 100 mm i.d., 1.7 mm) with ammonium formate buffer solution (20 mmol L 21 , pH 3.2, adjusted by formic acid) and acetonitrile as mobile phase with gradient elution. Twelve target components could be separated within 10 min and quantified in multiple reaction monitoring mode, both positive and negative ionization modes were employed. Limits of detection were in the range of 0.0003 -0.0451 mg mL 21 . Relative standard deviation values for intra-and interday precision were <2.71 and 8.94%, respectively. The established method provides a simple and effective framework for the quality control of Gegen-Qinlian decoction and related traditional Chinese medicinal preparations.
Introduction
Traditional Chinese medicines (TCM) have been used in China for thousands of years. Nowadays, they are widely accepted as therapeutic products in many countries (1) . The study of bioactive components in TCM has also become more and more important (2, 3) . Gegen-Qinlian decoction is a famous TCM prescription, originated from Treatise on Febrile Diseases written by Zhang Zhongjing, an outstanding physician of Chinese eastern Han Dynasty (4) . Having the pharmacological effects of bacteriostasis, clearing heat, relieving diarrhea and enhancing immunological function (5), Gegen-Qinlian decoction is clinically used to treat diarrhea, acute enteritis, bacterial dysentery, helicobacter pylori infection gastritis, gastric ulcer, diabetes and other diseases (6 -8) . Gegen-Qinlian decoction is prepared from Radix Puerariae, Radix Scutellariae, Coptis Chinensis Franch and Radix Glycyrrhizae Preparata in proportion. In this formula, Radix Puerariae is the main ingredient which plays a major role, while the other three ingredients play the roles of promoting efficacy and adjuvant therapy (9) . The principal bioactive components of Radix Puerariae are isoflavonoids (10) such as puerarin, daidzin and daidzein, exerting the effects of relieving fever and dysentery as well as promoting the production of body fluid, and they are often used for the treatment of cardiovascular diseases (11) . Major active components of Radix Scutellariae are flavonoids, including scutellarin, baicalin, wogonoside, baicalein and wogonin, etc., possessing antiviral and antibacterial effects (12) . Alkaloids are the effective constituents of Coptis chinensis Franch, mainly referring to coptisine, palmatine, jatrorrhizine and berberine, having the pharmacological effects of heat-clearance, damp-dryness and detoxification (13) . Major bioactive constituents of Radix Glycyrrhizae Preparata are flavonoids (like liquiritin) and saponins (like glycyrrhizic acid) (14) which are often used to treat cough, and reduce toxicity of other herbs (15) . The bioactive components of the four medicinal materials work "synergistically" in Gegen-Qinlian decoction, and make the comprehensive efficacy into full play. So the simultaneous determination of the major active components is of great importance for the quality control and a better understanding of material basis for pharmacological effects of Gegen-Qinlian decoction.
For the quantitative determination of major components in Gegen-Qinlian decoction, HPLC separation coupled to UV or DAD detection has become the most widely used technique. However, HPLC-UV detection requires complete separation between each pair of chromatographic peaks to realize the identification of the analytes based on their different retention times, which adds difficulty to the selection of chromatographic conditions. Due to the variety in the chromatographic behaviors of the compounds, complete HPLC separation of multi-components is rather time-consuming. For example, Chen et al. (9) developed an HPLC-DAD method for the simultaneous determination of nine components from Gegen-Qinlian decoction in 80 min. To shorten the analysis time and to simultaneously determine as many components as possible, ultra-performance liquid chromatography coupled to tandem quadrupole mass spectrometry (UPLC-MS-MS) is an effective alternative. UPLC is a high-speed separation technique and can solve the time-consuming problem of HPLC. MS-MS is a universal detection method. Even if several analytes have overlapping chromatographic peaks, reliable and sensitive determination of the analytes can be performed in multiple reaction monitoring (MRM) mode.
As Gegen-Qinlian decoction has a complicated matrix, sample preparation is necessary before instrumental analysis. The most commonly used sample pretreatment method is to dilute the sample with methanol (9) . This conventional method has two shortcomings: Firstly, the dilution of the sample makes it difficult to detect the analytes of low concentration; Secondly, this method cannot separate the targeted compounds with the matrix. To effectively extract the analytes of interest and reduce the viscosity of the sample solution, alternative sample preparation method should be developed. In 1999, Yoshida and Akane proposed a sample preparation technique known as subzero-temperature liquid -liquid extraction (16) . This technique is based on the fact that the acetonitrile-water system can phase separate when being kept at subzero-temperature (2108C to 2408C) for an appropriate period of time. In this way, the analytes can be extracted into the acetonitrile phase. It has been successfully applied to the analysis of compounds in water samples (17) and serum samples (18) . Up till now, there is no report on the application of the subzero-temperature liquid -liquid extraction method for the sample pretreatment of TCM decoction.
In this paper, a novel method based on the combination of subzero-temperature liquid -liquid extraction with UPLC -MS-MS analysis was developed for the simultaneous determination of 12 bioactive compounds, i.e. puerarin, daidzin, liquiritin, baicalin, coptisine, jatrorrhizine, daidzein, berberine, palmatine, wogonoside, baicalein and wogonin in Gegen-Qinlian decoction. The parameters influencing the extraction efficiency were investigated, including volume ratio between acetonitrile and sample solution, the pH of the sample solution as well as the extraction time and temperature. For the efficient separation and quantification of the 12 compounds, the UPLC and MS-MS conditions were optimized. Compared with the commonly used methanoldilution method, the established subzero-temperature liquidliquid extraction method can effectively extract the targeted compounds from the aqueous Gegen-Qinlian decoction without dilution. Besides, the established method also has the virtues of easy operation, relatively few manipulation steps, low consumption of solvent and good compatibility with UPLC -MS-MS analysis. Furthermore, low temperature is beneficial to keep the bioactivity of the targeted compounds.
Experimental

Instrumentation
Chromatographic separation was performed on an ACQUITY TM ultra-performance liquid chromatography system (Waters, Milford, MA, USA), consisting of a binary solvent delivery system and an autosampler. MS-MS detection was performed on a Xevo w TQ tandem quadrupole mass spectrometer (Waters, USA) equipped with an electrospray ionization (ESI) source. Data were acquired and processed with MassLynx V4.1 software. Subzero-temperature liquid -liquid extraction was carried out in a DW-FL 90 freezer (2408C, Zhongkemeiling, China).
Chemicals and materials
Authentic standards of daidzin ( purity ! 98.0%, HPLC), liquiritin ( purity ! 98.0%, HPLC), coptisine (99.5%, HPLC), jatrorrhizine hydrochloride (95.5%, HPLC) and wogonoside ( purity ! 98.0%, HPLC) were purchased from Jingke corporation (Shanghai, China); puerarin (96.0%), baicalin (91.7%), daidzein ( purity ! 98.0%), palmatine hydrochloride (86.2%), hydroberbeaime sulfate ( purity ! 99.0%), baicalein (98.5%) and wogonin ( purity ! 98.0%) were purchased from National Institute for the Control of Food and Pharmaceuticals (Beijing, China).
Radix Puerariae (Anhui province), Radix Scutellariae (Hebei province), Coptis chinensis Franch (Sichuan province) and Radix Glycyrrhizae Praeparata (Neimeng province) were purchased from local pharmacy. Acetonitrile, methanol and formic acid were of HPLC grade and were purchased from MREDA technologies (Beijing, China). All other reagents used were of analytical grade. Doubly distilled de-ioned water was used throughout the experiment.
Sample preparation
Eight grams of Radix Puerariae, 3 g of Radix Scutellariae, 3 g of Coptis chinensis Franch and 2 g of Radix Glycyrrhizae Praeparata were soaked in 200 mL of water for 30 min and then boiled for 2 h. Subsequently, the hot decoction was filtered through multi-layer gauze and cooled to room temperature. The residue was boiled in 200 mL of water for another 2 h and the hot decoction was filtered in the same way as above mentioned. The obtained filtrates were combined and water was added to get the final solution of 500 mL. One hundred milliliters of aliquot were transferred to a 500-mL volumetric flask and water was added to 500 mL to obtain the sample solution.
Three milliliters of the sample solution was mixed well with 2 mL of acetonitrile in a 15 mL plastic centrifuge tube by vortexing for 1 min. After standing for 10 min, the mixed solution was frozen at 2358C for 35 min. The upper acetonitrile phase was removed by using a plastic syringe (1.0 mL) and the volume was recorded. Then it was diluted 10-fold with water and filtered through a 0.2-mm membrane filter before UPLC -MS-MS analysis.
Chromatographic conditions
The chromatographic separation was performed on an ACQUITY UPLC w BEH C 18 column (2.1 Â 100 mm i.d., 1.7 mm, Waters, made in Ireland) preceded by a BEH C 18 VanGuard TM pre-column (2.1 Â 5 mm i.d., 1.7 mm, Waters, made in Ireland). Mobile phase consisted of (A) ammonium formate buffer solution (20 mmol L 21 , pH 3.2, adjusted by formic acid) and (B) acetonitrile. The gradient elution program is presented in Table I . The post-run time is 3 min. The strong needle wash volume was 200 mL (90% acetonitrile, 0.1 formic acid) and the weak needle wash volume was 600 mL (10% acetonitrile, 0.1 formic acid). The column temperature and autosampler temperature were maintained at 40 and 158C, respectively. The injection volume was 2 mL.
Mass spectrometric conditions
Mass spectrometry was performed on a Waters Xevo w TQ tandem quadrupole mass spectrometer equipped with ESI source. MRM mode was selected for quantification. Liquiritin was analyzed in negative ESI mode, the other 11 compounds were analyzed in positive ESI mode. In MRM MS method, the monitoring of the 11 compounds was set as Function 1, and the monitoring of liquiritin was set as Function 2. The dwell time for each compound was 0.013 s. The capillary voltage was 3.2 kV for positive ESI mode and 2.5 kV for negative ESI mode. For each analyte, the optimized parameters including ESI mode, cone voltage, collision voltage, qualitative ion pairs and quantitative ion pair are listed in Table II . Other conditions for ESI source were set as follows: desolvation gas (N 2 ) temperature, 5008C; desolvation gas (N 2 ) flow rate, 900 L h 21 ; cone gas (N 2 ) flow rate, 50 L h 21 ; collision gas (Ar) flow rate, 0.18 mL min 21 ; source temperature, 1508C.
Results and discussion
Optimization of UPLC-MS-MS conditions
To obtain good separation of the analytes, the chromatographic conditions were optimized. Experimental results showed that when ammonium formate buffer solution (20 mmol L 21 , pH 3.2, adjusted by formic acid) and acetonitrile were used as mobile phase with the gradient elution program summarized in Table I , the compounds could achieve good separation except berberine and palmatine.
The mass spectrometric detection was performed by using ESI -MS-MS in MRM mode. A scan of all 12 compounds in negative and positive ionization modes showed that the negative ionization mode was suitable for liquiritin ion monitoring and the positive ionization mode was suitable for the other 11 compounds. The qualitative ion pairs ( precursor ion ! product ion) and quantitative ion pair ( precursor ion ! product ion) of the analytes were selected based on their full scan mass spectra obtained by directly infusing standard solutions into the mass spectrometer ESI source. Two transitions between the precursor ion and the most abundant product ions were monitored for the identification of each compound, and the ion pair with relatively higher intensity was selected for quantification. Table II summarizes the optimized parameters for each analyte. Figure 1 presents the chromatograms of standard solution in MRM mode.
Optimization of the extraction conditions
To optimize the subzero-temperature liquid -liquid extraction of the 12 compounds from Gegen-Qinlian decoction, a number of experiments under different conditions were performed. The effects of various parameters on the extraction efficiency of the compounds were evaluated via comparison of the detected concentration of the compounds in sample solution.
Optimization of the volume ratio between acetonitrile and sample solution
To optimize the volume ratio between acetonitrile and sample solution, the volume of acetonitrile was set at 2 mL and the volume of sample solution ranged from 2.0 to 4.0 mL. Other experimental conditions were carried out as described in Sample preparation, and the results are illustrated in Figure 2 .
As shown in Figure 2 , when the volume of sample solution was 3 mL, the extraction efficiency of daidzein, baicalein and wogonin reached the maximum value and held almost constant afterwards; liquiritin, baicalin, coptisine and wogonoside reached the maximum value at 3 mL and then decreased. The extraction efficiency of puerarin, daidzin, jatrorrhizine, palmatine and berberine remained almost constant when the volume of sample solution was in the range of 2 -3 mL and decreased afterwards. It could be seen that 3 mL is a suitable sample volume for most of the compounds. Therefore, 2.0 mL of acetonitrile and 3.0 mL of sample solution were employed in the following experiments, i.e., volume ratio between acetonitrile and sample solution was 2 : 3.
Optimization of the pH of sample solution
The extraction efficiency of the 12 compounds at different pH was evaluated. The pH of the sample solution was adjusted to 2, 3, 4, 5, 6, 7, 8, 9, 10 and 11 by formic acid (4.58 mol L 21 ) and ammonia (2.58 mol L 21 ), respectively. Other experimental conditions were carried out as described in Sample preparation, and the results are presented in Figure 3 .
As shown in Figure 3 , when pH value was close to six, most of the compounds reached the highest extraction efficiency. Since the original pH of the sample solution was 5.86 and very close to the optimal pH, to facilitate the experimental procedure, the pH of the sample solution was not adjusted in the following experiments.
Optimization of the extraction temperature
The extraction efficiency of the 12 compounds at 220, 225, 230, 235 and 2408C was evaluated to select the best extraction temperature. Other experimental conditions were set as described in Sample preparation, and the results are shown in Figure 4 .
The extraction efficiency of liquiritin, baicalein, baicalin and daidzin reached the maximum value at 2358C. While for puerarin, jatrorrhizine, palmatine and wogonoside, the highest extraction efficiency was obtained at 2308C and held almost constant at 235 and 2408C. For coptisine, berberine and wogonin, the extraction efficiency decreased with the decrease of temperature. No significant change in extraction efficiency was observed for daidzein with the decrease of temperature. Based on the above facts, most of the 12 compounds reached the maximum extraction efficiency at 2358C. So, 2358C was selected as the optimum extraction temperature.
Optimization of the extraction time
The influence of extraction time was studied by performing the extraction at 2358C for 15, 25, 35, 45, 55 and 65 min, respectively. Other experimental conditions were set as described in Sample preparation, and the results are presented in Figure 5 .
The extraction efficiency of the 12 compounds varied with the increase of the extraction time. Puerarin, daidzin and liquiritin showed an upward trend; baicalein and wogonin presented a downside trend; coptisine and berberine reached the maximum value at 25 min; daidzein and baicalin reached the maximum value at 35 min; jatrorrhizine, palmatine and wogonoside gave the maximum value at 45 min. From an overall consideration of the extraction efficiency of the 12 compounds and to save time, 35 min was finally selected as the optimum extraction time.
Validation of the method
The established subzero-temperature liquid -liquid extraction coupled with UPLC-MS-MS method was fully validated as a quantitative confirmatory method in the following aspects: linearity, limit of detection (LOD), precision and recovery.
The regression equation, linear range and LOD Under the optimum conditions, the regression equations for the 12 compounds extracted by the subzero-temperature Table III. LOD was determined based on the signal-to-noise ratio of 3, and the results are also presented in Table III .
Precision and reproducibility test
The intraday precision was investigated by injecting the mixed standard solution five times in 1 day; the interday precision was determined by injecting the mixed standard solution once a day for five consecutive days.
The reproducibility test was carried out by processing five replicate samples according to the procedures described in Sample preparation. The results of precision and reproducibility based on the relative standard deviation (RSD) of integrated peak area are presented in Table IV .
Sample analysis and recovery test
The proposed method was applied to the analysis of 12 compounds in Gegen-Qinlian decoction according to the procedures described in Sample preparation. . The recovery test was carried out by spiking the standards at low, medium and high concentrations into sample solution. The spiked samples were processed as described in Sample preparation. For each concentration level, the extraction procedure was performed in triplicate. The recoveries of the 12 compounds are listed in Table V .
Conclusion
In this paper, subzero-temperature liquid -liquid extraction was coupled with UPLC -MS-MS for the simultaneous determination of 12 bioactive compounds in traditional Chinese medicinal prescription Gegen-Qinlian decoction. Experimental results showed that subzero-temperature liquid -liquid extraction is an effective sample pretreatment method due to easy operation and particularly suitable for the purification of bioactive compounds in aqueous samples. The established method has a great potential to become an efficient protocol for the quality control and evaluation of Gegen-Qinlian decoction and related TCM preparations. 
